Anaesthetic depth monitoring using processed EEG variables is gaining popularity in mainstream anaesthetic practice. Bispectral index (BIS) 1 offers the potential to reduce intraoperative awareness with explicit recall. 2 3 As calibration of these monitors was performed on subjects with normal cerebral function, 4 our objective was to assess how these monitors perform in patients with known cerebral insult.
Embolization of cerebral artery aneurysms using interventional radiological techniques has revolutionized the management of subarachnoid haemorrhage (SAH) in recent years. 5 6 Most centres perform these procedures under general anaesthesia and in our centre, all are performed under general anaesthesia with muscle relaxation.
Issues specific to anaesthesia for neuroradiological procedures of this type include: 7 1. The patient must not move under any circumstances. 2. Catastrophic intracerebral events related to embolization of aneurysms occasionally occur whilst under anaesthesia. 3. Access to the patient for the anaesthetist is limited. 4 . The degree of surgical stimulus is probably very low. 5. Early assessment of cerebral function may be desirable after the procedure.
These points make the possibility of a reliable depth of anaesthesia monitor in brain injured patients receiving general anaesthesia appealing.
Patients and methods
We obtained approval from our local ethics committee to recruit patients for inclusion in this study. Individual informed consent was obtained from patients after SAH. All patients had the procedure of embolization of cerebral artery aneurysm performed under general anaesthesia using muscle relaxation.
BIS is a commercially available system that uses several analytical methods to assess EEG changes related to anaesthetic agent administration. 8 These include Burst Suppression Analysis (BSR and QUAZI suppression), Fast Fourier Transformation (Beta Ratio analysis within 11-47 Hz) and Bispectral Analysis (SynchFastSlow analysis within 0.5-47 Hz). BIS has undergone several software developments since its initial release. 9 BIS uses a 100 point index score where values close to 100 indicate the awake state, and values close to 0 indicate very deep general anaesthesia. The manufacturer's recommended range on this scale for general anaesthesia is between 40 and 60.
Entropy monitoring is a method of processing EEG signals that relies on entropy theory as first described by Shannon. 10 After signal analysis and artifact removal a spline function is used to produce entropy values in the range 0-91 for state entropy, or 0-100 for response entropy. 11 The entropy indices use the frequency ranges that relate to EEG activity that is 0.8-32 Hz for SE, and EEG plus EMG 0.8-47 Hz for RE. Entropy indices have been shown to correlate with anaesthetic depth for a variety of anaesthetic techniques. [12] [13] [14] [15] The EEG signal was collected with two disposable sensors. An Entropy Sensor (Datex-Ohmeda, Helsinki, Finland) was used for collecting entropy, and a BIS-XP Sensor (Aspect Medical Systems, Newton, MA, USA) for BIS. Monitoring was with Datex-Ohmeda M modules (DatexOhmeda, Helsinki, Finland) for both M-Entropy (version 01, Automatic Sensor check 'on') and M-BIS (software version 3.12, Automatic Sensor Check 'on', Smoothing Rate 15 s). After preparation of the skin using alcohol solution the sensors were placed in close proximity. The temporal electrode for BIS was placed to the right, the temporal electrode for entropy was placed to the left. For the entropy sensor electrode number 1 was placed at the centre of the forehead approximately 4 cm above the nose. Electrode number 1 for BIS was placed in the centre of the forehead approximately 5 cm above the nose. The positions for electrode 1 were as per the respective manufacturers' instructions. Electrode impedances were considered acceptable if below 7.5 and 10 kOhm for entropy and BIS, respectively. Sensor cables were directed over the top of the head and cables routed to either the left or right side of the head. The anaesthetist was blinded to the entropy and BIS readings by removing them from the monitor screen (Datex-Ohmeda S/5 Anaesthesia Monitor, Datex-Ohmeda, Helsinki, Finland).
Patients had radial arterial monitoring sited before induction of anaesthesia. Other parameters recorded included ECG, pulse oximetry (Sp O 2 ) and end tidal gas analysis including carbon dioxide (E 0 CO 2 ). All values from the anaesthetic monitoring (including BIS and entropy scores) were recorded every 5 s to a personal computer using DatexOhmeda S/5 CollectÔ software.
Anaesthesia was induced after pre-oxygenation using propofol target controlled infusion (TCI) and remifentanil by infusion. All patients required tracheal intubation. Muscle relaxation was achieved using Atracurium. Degree of muscle relaxation and return of muscle function was determined by monitoring train of four (TOF). A peripheral nerve stimulator (Rutter RS6, Nikomed Ltd, Hampshire, UK) was placed over the Ulnar nerve at the wrist for TOF monitoring. Muscle relaxation was antagonized after the end of the radiological procedure. Lightening of anaesthesia was attempted after reversal of muscle relaxation. Maintenance of anaesthesia was by propofol TCI infusion, remifentanil infusion and atracurium infusion. Anaesthetists were allowed to administer anaesthetic drugs at their own discretion.
Clinical endpoints were noted during anaesthesia, these points and their definitions are shown in Table 1 . These endpoints were taken when the patient was awake before administration of any sedative drugs (AW), at the time of loss of eyelash reflex and response to verbal stimulus (LOC), 16 17 60 s prior to intubation (INT), during stable anaesthesia (SA) as defined by the period immediately before femoral artery cannulation, at the return of eyelash reflex (RR) and at the time of extubation (EXT). The timing of the endpoints was noted manually by the investigator and subsequently related to data recorded from the monitoring devices. The eyelash reflex was repeatedly tested along with response to verbal stimulation until both were absent. At the end of the procedure during the lightening phase, response to verbal stimulation and eyelash reflex were repeatedly tested until present.
BIS and entropy monitoring was stopped 15 min after tracheal extubation. Statistical analysis P K is a measure of the degree of concordance between two sets of ordinal data, that is clinically observed anaesthetic depth and anaesthetic depth monitor output. 18 P K has a possible range of 0-1. A P K value of 0.5 indicates the monitor does not distinguish between the two anaesthetic depths, showing neither concordance, nor discordance with observed depth. A P K value of 1.0 indicates ideal concordance with no overlap between one clinical state and another. P K values have been widely used to describe the performance of anaesthetic depth monitoring systems. [19] [20] [21] P K values were calculated using PKMACRO, a Microsoft Excel spreadsheet, as described by Smith and colleagues. 18 Comparison of P K was performed by ANOVA with Bonferroni correction for multiple comparisons.
Calculation of P K for BIS and entropy was performed for the transition from awake through loss of consciousness (LOC) to intubation that is 'P K deepen'. We also calculated P K values for the transition from stable anaesthesia through return of eyelash reflex to extubation that is 'P K lighten'. In addition P K values were calculated for the component transitions between each of these states. These were defined as; P K AW vs LOC-the transition from awake state to the point of LOC (eyelash reflex and verbal response), P K LOC vs INT-the transition between the point of LOC and tracheal intubation, P K SA vs RR-the transition from stable anaesthesia to the return of the eyelash reflex during emergence and P K RR vs EXT-the transition between the return of the eyelash reflex during emergence and tracheal extubation.
The BIS and entropy data used to calculate P K for each of these transitions was a mean value taken over a 15 s period starting 15 s after confirmation of reaching each clinical state.
Receiver operating characteristic (ROC) curve analysis is a technique used to assess the overall ability of a 'test' to differentiate between normal and abnormal populations of results. 22 23 The 'tests' investigated were BIS, RE and SE. The difference between the two populations was the presence or absence of eyelash reflex. Data were sampled from time periods representing 'eyelash reflex present' that is awake and up to loss of eyelash reflex during induction, and after return of eyelash reflex during emergence. The 'eyelash absent' time period was sampled during emergence from anaesthesia after the reversal of muscle relaxation until the return of eyelash reflex. ROC analysis and comparison of ROC curves was performed using Medcalc Ò for Windows v8.1.0.0.
Opportunity was given to the radiologists involved to suggest movement or removal of sensors if the sensors or their cables affected angiographic views.
Severity of cerebral injury was defined by the World Federation of Neurosurgeons (WFNS) classification of SAH as described in Table 2 . 24 
Results
We recruited 31 patients for this study. The median duration between SAH and aneurysm embolization was 3.5 days [interquartile range (IQR) 2-5.25 days]. The mean age of patients was 52.1 (range 27-68) yr and there was a female preponderance with a female to male ratio of 2.2 to 1. Twenty-five patients were graded at WFNS grade 1 and 6 at WFNS grade 2.
The placement of sensors in the temporal-frontal montage in patients undergoing this procedure did not cause any impairment of angiographic views in our study. There was one request from a radiologist to move the attaching cable to a BIS sensor, but there were no requests to remove sensors to improve angiographic views.
Median BIS/entropy monitor values with IQR obtained at clinical endpoints are shown in Figure 1 .
During deepening anaesthesia, P K values for BIS are consistently higher than those of entropy indices ( Table 3 ). The transition between the awake state and loss of eyelash reflex (P K AW vs LOC) shows higher concordance for BIS than for entropy indices (P<0.01). The P K for RE and SE are lower for this transition because of a slower response to LOC compared with BIS. The median values (and IQR) at the point of LOC for BIS, RE and SE were BIS 65 (51-81), RE 71 (51-95), SE 76 (48-86) (Fig. 2) . Thus a number of patients show entropy variables above 90 (for RE) or above 80 (for SE) at the point of LOC.
Subsequent transition from LOC to intubation (P K LOC vs INT) again reveals higher P K values for BIS than RE or SE (P<0.01). However, all monitoring indices recorded lower P K values over this transition and as the transition between LOC and intubation is also more difficult to distinguish clinically, this may influence the P K for this transition.
Overall the P K calculation for deepening anaesthesia (P K deepen) returned a higher value for BIS than for either RE or SE (P<0.01).
The P K value for lightening of anaesthesia (P K lighten) also shows that the values for BIS are higher than that for entropy. These values are comparable with other published series comparing BIS and entropy. 14 25 Both BIS and the entropy indices show very good discriminatory ability to predict the transition from stable anaesthesia (SA) to return of eyelash reflex (RR). BIS shows a significantly higher P K for this transition (P K SA vs RR) indicating higher levels of concordance with clinically observed anaesthetic depth (P<0.01).
During the transition between return of eyelash reflex and extubation (P K RR vs EXT), BIS and entropy P K values (Fig. 3) . A median value for RE of 95 at this point during the lightening phase of anaesthesia may give earlier warning of impending wakening than BIS.
The ROC curve for BIS, RE and SE is displayed in Figure 4 . The area under curve (AUC) for BIS was significantly higher than for either entropy variable (P<0.01) ( Table 4) . The difference between the AUC for RE and SE was not statistically significant (P=0.70).
The threshold values at the highest combination of sensitivity plus specificity were BIS 76, RE 88 and SE 79. The highest threshold for each monitor at a sensitivity of 1.0 was BIS 27, RE 17 and SE 12.
Discussion
This study was designed to investigate the performance of BIS and entropy monitoring in patients after SAH. The study is unique in that we performed this investigation in a subset of patients who have cerebral injury undergoing general anaesthesia. Several authors have reported the decrease of BIS variables associated with decreased cardiac output, cardiac arrest or cerebral injury. 26 To date, no authors have reported on the behaviour of entropy in brain injured patients. [27] [28] [29] [30] [31] [32] [33] Angiographic view quality does not appear to be affected adversely by the addition of anaesthetic depth monitoring sensors in these patients. It seems likely that the thin plastic strips used are highly radio-lucent. Care must be taken however to ensure the joint between the sensor and the attached cable is well away from radiologically important areas as this connection does contain radio-opaque material.
Examination of P K values for individual transitions within the major transitions may reveal reasons for the difference in performance between monitors. For example, we found that the decreased P K value for entropy variables in the overall deepening of anaesthesia was attributable to a decrease in concordance between observed clinical depth and indicated depth across several transitions. However, the decrease in entropy P K for lightening of anaesthesia was primarily the result of a lower P K value for entropy at the P K EXT vs AW transition. The lower P K values at this transition are because of the large number of RE values INT, intubation; SA, stable anaesthesia; RR, eyelash reflex return; EXT, extubation). Table 3 Prediction probability (P K ) constants (with standard error) for bispectral index (BIS), response entropy (RE) and state entropy (SE) for individual transitions between clinical states and for deepening anaesthesia (P K deepen) or lightening anaesthesia (P K lighten). AW, awake; LOC, loss of eyelash reflex; INT, intubation; SA, stable anaesthesia; RR, return of eyelash reflex; EXT, extubation recorded near awake values despite the patient having no eyelash reflex (Fig. 4) . It has been reported previously 15 that RE shows faster and more complete return to baseline values than BIS during the emergence of anaesthesia. This is backed by our findings.
Because RE values are significantly higher than BIS both at the point of LOC and at the point of return of eyelash reflex we postulate that this difference could be attributable to different handling of frequencies originating from EMG between the two monitor types.
It could be argued that high entropy values before the return of the eyelash reflex whilst lowering the P K value, could actually be beneficial in warning the practising anaesthetist of 'light' anaesthesia. Further awake/asleep studies may be necessary to investigate this phenomenon.
The data to calculate P K for transitions was taken during a 15 s period commencing 15 s after eyelash reflex loss. Altering the timing of data capture, to a later or earlier time period, could alter the resulting P K value, in that later data capture would allow the monitor to 'catch up' with the clinical picture. Furthermore, longer sampling periods will alter resultant P K values by a similar 'catch up' phenomenon. Later data capture could thus result in higher P K values. We chose this time period as it gives both BIS and entropy a response time that is equitable both to the maximal response time of entropy of 1.92 s and around 15-45 s for BIS.
ROC analysis revealed that both BIS and entropy are highly specific and highly sensitive to distinguish the presence of eyelash reflex. We used this test as a surrogate of 'light anaesthesia'. AUC calculation was performed with a cut off that provided the highest mathematical combination of sensitivity plus specificity. A second cut off was also used to calculate sensitivity and specificity at the upper level of recommended range for general anaesthesia. AUC for BIS was significantly higher than for either entropy variables (P<0.01). Our results would suggest that using the manufacturer's cut off point of 60 for both monitoring types will result in acceptable levels of sensitivity and specificity. To ensure a sensitivity of 1.0 or 100%, very low cut off levels are required, which in this patient group may have unacceptable haemodynamic consequences with respect to cerebral perfusion.
It would appear from P K and ROC curve analysis that patients who have suffered SAH and fall into either WFNS grade 1 or grade 2 have not suffered significant enough injury to preclude the use of either BIS or entropy whilst anaesthetized. In conclusion, monitoring anaesthetic depth using either BIS or entropy in patients after a good grade subarachnoid haemorrhage is a reliable technique. Both monitoring indices return high levels of sensitivity and specificity in patients after a good grade subarachnoid haemorrhage. Both devices show high levels of concordance with clinically observed anaesthetic depth. Angiographic views appear to be unaffected by the placement of EEG sensors. This type of monitoring could provide neuroanaesthetists with valuable information regarding guidance as to drug dosing in patients after subarachnoid haemorrhage. Further studies to investigate more severely brain injured (e.g. WFNS grade 3) patients are warranted.
